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Summary  
Calcium ions (Ca2+) are well-known intracellular signalling molecules. A new 
study identifies local cytoplasmic Ca2+ as a central integrator of metabolic and 
proliferative signals in Drosophila intestinal stem cells (Figure 1).  
Main Text  
Adult tissue homeostasis involves tightly synchronized rates of cell production 
versus cell removal. Stem cells – characterised by their capacity to self-renew and 
produce differentiated progeny – are at the centre stage of that balancing act. The 
intestinal epithelium has been a long-standing paradigm for the study of tissue 
homeostasis by stem cells [1]. Consistent with its role as a key metabolic, immune 
and endocrine organ, the intestine is subject to multiple extrinsic and intrinsic stimuli, 
which need to be coordinated in order to adjust stem cell proliferation and 
differentiation to tissue demands. How these different inputs are integrated is a key 
open question. A new study by Deng et al. [2] in the adult Drosophila intestine 
identify local intracellular Ca2+ as a key node translating metabolic and growth factor 
signals into stem cell proliferation (Figure 1). 
Following the characterization of intestinal stem cells (ISCs) in Drosophila 
[3,4] the fly gut has become an invaluable model system to study stem cell biology, 
host-pathogen interactions, ageing  and metabolism among others [5–8]. As its 
mammalian counterpart, the adult Drosophila midgut has remarkable plasticity and 
can adapt its growth to multiple conditions including nutrient availability [9]. The 
intestine of newly hatched flies grows to its final size during the first five days of life 
and after feeding starts [10]. Reciprocally, the intestine enters a reversible state of 
quiescence during periods of starvation. While Insulin signalling is known to mediate 
this adaptive growth [10], the effect of individual nutrients on intestinal physiology 
had not been established. To assess the role of diet-derived aminoacids – an 
essential source of energy – in intestinal homeostasis [11,12], Deng et. al fed flies on 
food supplemented with L-glutamate (L-Glu) [2]. Interestingly, they found that the 
sole incorporation of L-Glu but not other aminoacids or sugar to the fly food was 
sufficient to induce ISC proliferation and tissue re-sizing. Following a comprehensive 
genetic and functional characterization of the pathway activated by L-Glu the authors 
concluded that the aminoacid absorbed by Enterocytes activates a signalling 
cascade including metabotropic glutamate receptor (mGluR)/Phospholipase C 
(PLC)/Inositol-triphosphate (IP3) within ISCs. Those sets of events are necessary 
and sufficient to drive stem cell proliferation [2] in the midgut (Figure 2).  
The mGluR/PLC/IP3 pathway is known to signal through changes in levels of 
cytosolic Ca2+ [12]. In what represents the highlight of their work, Deng et al combine 
elegant live imaging with the use of transgenic Ca2+-reporters to monitor cytosolic 
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Ca2+ in the intestine in vivo [2]. Strikingly, ISCs exhibited frequent, robust fluctuations 
in cytoplasmic calcium levels, which depended on Ca2+ release from the 
endoplasmic reticulum (ER) as well as influx through the plasma membrane. 
Furthermore, L-Glu signalling activation and induced proliferation of ISCs was linked 
to reduced Ca2+ oscillation frequency and elevated cytosolic ion levels [2] (Figure 1). 
Multiple genetic manipulations leading to elevation of cytosolic Ca2+ or activation of 
the downstream calcium-dependent serine-threonine phosphatase Calcineurin 
appear to be sufficient to drive ISC proliferation.  
While the results presented provide a compelling detailed account for the 
pathway involved in glutamate-mediated ISC proliferation whether this newly 
discovered role of Ca2+ has broader implications was still an open question. To 
tackle this Deng et. al embarked in a ‘tour de force’ to address the epistatic 
relationship between Ca2+ oscillations and signalling and conditions known to drive 
ISC proliferation in the midgut such as Ras, JAK/Stat, JNK and InR activation as well 
Notch inhibition, acute damage and ageing of the intestinal epithelium [5]. In all 
cases ISC proliferation led to a decrease in Ca+2 oscillation frequency and an 
increase in the average level of cytosolic Ca+2. Importantly, ISC proliferation within 
these multiple contexts was significantly reduced when Ca+2 signalling was impaired 
[2]. Therefore, far from being an exclusive translator of ISC proliferation downstream 
of L-Glut feeding, Ca+2 appears as an unsuspected integrator of multiple proliferative 
signals in the Drosophila midgut (Figures 1 and 2).  
 As with any new discovery, the work by Deng et al. opens up multiple 
questions. One unresolved issue relates to the identity of the signals that normally 
orchestrate Ca+2 oscillations within ISCs in mature unchallenged tissues. Obvious 
candidates are the signalling pathways required for homeostatic ISC self renewal [5]. 
Stem cell-specific knockdown of pathway components coupled with in vivo Ca+2 
imaging should shed light into this issue. It is also unclear whether Ca+2 oscillation 
frequencies are uniform throughout the midgut or if they are influenced by molecular 
and cellular gut regionalization [13,14]. 
The most groundbreaking aspects of the report by Deng et al. are the 
identification of Ca+2 oscillations within ISCs and the fact that they represent a 
central node downstream of multiple conditions, which impact ISC proliferation. In 
the response to L-Glu, which involves direct activation of a G-Protein coupled 
receptor (GPCR), modifications to the levels of cytosolic Ca+2 are an expected 
outcome. However, the link between signalling and Ca2+ is more surprising –and 
likely indirect – in the case of the other proliferative conditions analysed. One 
possibility is that the activated signalling pathways impact Ca2+ levels indirectly 
through effects on L-Glu metabolism. However, that does not seem to be the case in 
the context damage-induced ISC proliferation upon oral infection with the Gram-
negative bacterium, Erwinia carotovora carotovora 15 (Ecc15) or by feeding the DNA 
damaging-agent Bleomycin [2]. Alternatively, heterotrimeric G-proteins might 
represent one link between intestinal hyperproliferation and cytosolic [Ca2]. In 
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addition to GPCRs, heterotrimeric G-proteins have been shown to interact with other 
receptor families including receptor tyrosine kinases [15]. These receptors are also 
capable of directly activating PLC resulting in the IP3 signal required for ER calcium 
release [15]. 
Finally, the question that most of us working with flies get: How conserved are 
the presence and role of Ca2+ oscillations within the intestinal epithelium and in stem 
cells in general? Time will tell, but one can speculate that the presence of a unifying 
signalling molecule that coordinates multiple inputs is an essential component of the 
machinery required to maintain homeostatic balance in actively self-renewing 
tissues. 
  
	   5	  
References  
[1] Bach SP, Renehan AG, Potten CS. Stem cells: the intestinal stem cell as a 
paradigm. Carcinogenesis 2000;21:469–76. 
[2] Deng H, Gerencser AA, Jasper H. Signal integration by Ca(2+) regulates 
intestinal stem-cell activity. Nature 2015. doi:10.1038/nature16170. 
[3] Ohlstein B, Spradling A. Multipotent Drosophila intestinal stem cells specify 
daughter cell fates by differential notch signaling. Science 2007;315:988–92. 
doi:10.1126/science.1136606. 
[4] Micchelli C a, Perrimon N. Evidence that stem cells reside in the adult 
Drosophila midgut epithelium. Nature 2006;439:475–9. 
doi:10.1038/nature04371. 
[5] Nászai M, Carroll LR, Cordero JB. Intestinal stem cell proliferation and 
epithelial homeostasis in the adult Drosophila midgut. Insect Biochem Mol Biol 
2015:1–6. doi:10.1016/j.ibmb.2015.05.016. 
[6] Lemaitre B, Miguel-Aliaga I. The digestive tract of Drosophila melanogaster. 
Annu Rev Genet 2013;47:377–404. doi:10.1146/annurev-genet-111212-
133343. 
[7] Buchon N, Broderick N a, Lemaitre B. Gut homeostasis in a microbial world: 
insights from Drosophila melanogaster. Nat Rev Microbiol 2013;11:615–26. 
doi:10.1038/nrmicro3074. 
[8] He Y, Jasper H. Studying aging in Drosophila. Methods 2014;68:129–33. 
doi:10.1016/j.ymeth.2014.04.008. 
[9] Miguel-Aliaga I. Nerveless and gutsy: intestinal nutrient sensing from 
invertebrates to humans. Semin Cell Dev Biol 2012;23:614–20. 
doi:10.1016/j.semcdb.2012.01.002. 
[10] O’Brien LE, Soliman SS, Li X, Bilder D. Altered modes of stem cell division 
drive adaptive intestinal growth. Cell 2011;147:603–14. 
doi:10.1016/j.cell.2011.08.048. 
[11] Xiao W, Feng Y, Holst JJ, Hartmann B, Yang H, Teitelbaum DH. Glutamate 
prevents intestinal atrophy via luminal nutrient sensing in a mouse model of 
total parenteral nutrition. FASEB J 2014;28:2073–87. doi:10.1096/fj.13-
238311. 
[12] Brosnan JT, Brosnan ME. Glutamate: a truly functional amino acid. Amino 
Acids 2013;45:413–8. doi:10.1007/s00726-012-1280-4. 
[13] Buchon N, Osman D, David FP a, Yu Fang H, Boquete JP, Deplancke B, et al. 
Morphological and Molecular Characterization of Adult Midgut 
Compartmentalization in Drosophila. Cell Rep 2013;3:1725–38. 
doi:10.1016/j.celrep.2013.04.001. 
[14] Marianes A, Spradling AC. Physiological and stem cell compartmentalization 
within the Drosophila midgut. Elife 2013;2:e00886. doi:10.7554/eLife.00886. 
	   6	  
[15] Patel TB. Single transmembrane spanning heterotrimeric g protein-coupled 
receptors and their signaling cascades. Pharmacol Rev 2004;56:371–85. 
doi:10.1124/pr.56.3.4. 
 
  
	   7	  
Figure Legends: 
 
Figure 1. Ca2+ oscillations frequencies and stem cell proliferation. Decreased 
Ca2+ oscillation frequency and increased average Ca2+ concentration in the 
cytoplasm of Drosophila intestinal stem cells (green) is associated with increased 
rate of stem cell proliferation.  Reduction in Ca2+ concentration and 
increased Ca2+ oscillation frequency is observed in quiescent stem cells. 
  
Figure 2. Ca2+ signalling activation within intestinal stem cells in response to 
multiple proliferative stimuli. Diet-derived L-Glutamate (L-Glu) and 
multiple proliferative conditions lead to increases in cytosolic Ca2+ and activation of 
Ca2+-dependent signalling.  Metabotropic glutamate receptor 
(mGluR5); heterotrimeric G protein subunits (αq, β, γ); endoplasmic reticulum (ER); 
Phospholipase C (PLC); inositol-1,4,5-trisphosphate (IP3) ; inositol-1,4,5-
trisphosphate receptors (InsP3R); CREB regulated transcription co-activator 
(CRTC); calcineurin (CaN). 
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